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R478pathways are likely important for the
formation of plant reproductive cells
during adulthood. In contrast, the
mammalian germline is separated from
the soma during embryo development,
much earlier than in plants.
Nevertheless, the earliest steps of
regulation require signaling from
somatic cells via Bmp-dependent
pathways [16]. Despite the dramatic
differences in the timing of initial
reproductive cell differentiation, the
independent evolution of cell signaling
in both plant and animal germ cell
specification suggests that such
mechanisms are important for the
formation of the germline in
multicellular environments.
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for Avoiding AutophagyCells normally respond to a lack of nutrients by activating autophagy,
a prominent pro-survival pathway that involves the catabolism and recycling
of cytoplasmic material. Recent results indicate that mitochondria actively
elongate during autophagy, thereby avoiding their degradation and sustaining
cell viability.Lorenzo Galluzzi1,2,3, Oliver Kepp1,2,3,
and Guido Kroemer1,4,5,6,7,*
Mitochondria control multiple aspects
of cell metabolism, including energy
production — the mitochondrial
respiratory chain synthesizes most
intracellular ATP [1] — and cell
death — mitochondrial membrane
permeabilization (MMP) marks the
‘point of no return’ of many instances
of apoptosis and necrosis [2,3].
Moreover, mitochondria regulate
pro-inflammatory signals [4] as well as
macroautophagy (hereafter referred to
as autophagy), a complex pro-survival
response activated by nutrient
deprivation and several other stress
conditions [5]. Together with the
endoplasmic reticulum, mitochondriamay constitute the most prominent
source of lipids for the biogenesis of
autophagosomes, the organelles that
mediate the autophagic sequestration
of intracellular components [6].
Moreover, reactive oxygen species
(ROS), whose levels are increased
when the respiratory chain is
uncoupled [1], reportedly relay
pro-autophagic signals in response to
nutrient deprivation [7]. Vice versa, the
selective degradation of dysfunctional
or damaged mitochondria by
autophagy — a process known as
mitophagy — is critical for the
maintenance of a functional
mitochondrial pool and cellular
homeostasis, as well as for the
avoidance of premature aging [8].
Defects in the molecular machinery formitophagy, be they genetic or acquired,
are associated with neurodegenerative
disorders, including Huntington’s,
Parkinson’s and Alzheimer’s diseases
[9]. An intimate connection therefore
exists between mitochondria and
autophagy. A recent study from Luca
Scorrano’s group [10], published in
Nature Cell Biology, now provides
fresh insights into the molecular
mechanisms that control mitochondrial
dynamics during autophagy.
Mitochondrial functions are
controlled at a variety of levels. For
instance, in response to intracellular
stress conditions, such as DNA
damage, antagonistic pro- and
anti-apoptotic signaling cascades
can be triggered and converge at
mitochondrial membranes, where the
decision between life and death is
taken [2]. Furthermore, there is
a considerable degree of functional
regulation that is achieved via the
control of mitochondrial dynamics.
Mitochondria are not static entities
within cells but continuously undergo
remodeling by fission and fusion.
These dynamic changes are possible
due to the existence of a dedicated
molecular machinery, whose
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Figure 1. Mitochondrial elongation during autophagy.
(A) Under homeostatic conditions (left), the mitochondrial network is continuously shaped by
events of fission and fusion, and this entails the segregation of a pool of dysfunctional mito-
chondria that is degraded by mitophagy. On the contrary, under conditions of low nutrient
availability (right), mitochondria actively elongate, avoid autophagic degradation and sustain
cell viability. (B) Among multiple mechanisms, the balance between mitochondrial fission
and fusion is regulated by the phosphorylation of the pro-fission protein DRP1. Thus, during
homeostasis (left), calcineurin (CALN)-dephosphorylated DRP1 can translocate to the mito-
chondrial outer membrane and stimulate fission, but DRP1 phosphorylated on Ser667 cannot.
During autophagy (right), increased cAMP levels lead to the activation of protein kinase A
(PKA), which in turn stimulates fusion by phosphorylating DRP1, hence impeding its translo-
cation to mitochondria.
Dispatch
R479components are encoded by the
nuclear genome and include essential
pro-fission modulators, like the
dynamin-related protein DNML1
(best known as DRP1), as well as
proteins that are required for
fusion, such as the dynamin-related
GTPases optic atrophy 1 (OPA1)
and mitofusin-1 and -2 (MFN1
and MFN2) [11].
The continuous reorganization of the
mitochondrial network is highly
regulated and there is an intimate
crosstalk between mitochondrial
dynamics and function. For instance,
MMP mediated by the pro-apoptotic
BCL-2 proteins BAX and BAK
reportedly requires mitochondrial
fission and is reduced in the absence
of DRP1 [12]. Mitochondria often
divide in an asymmetric fashion,
leading to the generation of one large
daughter unit, with an elevated
mitochondrial transmembrane
potential (Dcm) and a high probability
of subsequent fusion with other
mitochondria, and a small daughter
unit, which is characterized by a low
Dcm and reduced OPA1 levels [13].
This process has important
consequences at the cellular level,
as it allows for the selective
mitophagy of a subpopulation of
respiration-incompetent mitochondria,
thereby optimizing mitochondrial
functions and operating as a
quality-control mechanism [13].
In their recent study, Gomes et al.
[10] elegantly demonstrated that, in
response to starvation, mitochondria
elongate and escape from autophagic
degradation, thereby sustaining ATP
production and preserving cell viability
[10] (Figure 1). Mitochondrial
elongation was also observed in
response to less physiological
triggers of autophagy, such as the
inhibition of the evolutionarily
conserved autophagic regulator
mammalian target of rapamycin
(mTOR), and occurred in vitro, in
multiple human and murine cell types,
as well as in vivo, in the muscles and
liver of starved mice [10]. Induction of
autophagy led to mitochondrial
elongation in wild-type, Drp1–/– and
Mfn2–/– mouse embryonic fibroblasts
(MEFs) — in which the molecular
apparatus for mitochondrial fusion
is functional — but neither in their
Opa1–/– nor in their Mfn1–/–-Mfn2–/–
counterparts (both of which are
mitochondrial fusion-incompetent),
confirming that this phenomenonrelies on the core fission–fusion
machinery.
While, in some cases, mitochondrial
fusion is prominently controlled by
the balance between different OPA1
forms [14], the mitochondrial
elongation that occurred during
autophagy resulted from a reduction
in the amount of DRP1 associated with
the outer mitochondrial membrane
[10]. Mitochondrial fission requires
the translocation of DRP1 from
the cytosol to mitochondria,
a phenomenon that is regulated by
the calcineurin-mediated
dephosphorylation of DRP1 on
multiple residues, including Ser637
and Ser656 [15]. Conversely, DRP1
phosphorylation prevents its
mitochondrial translocation, de factotilting the balance of mitochondrial
dynamics toward fusion [15]. In line
with this model, Gomes et al. [10]
demonstrated that during autophagy
DRP1 is hyperphosphorylated on
Ser667 owing to increased cyclic
AMP (cAMP) levels and the
consequent activation of protein
kinase A (PKA) [10].
Under conditions of low nutrient
availability, the levels of intracellular
ATP decline while those of AMP
increase. This results in the activation
of AMP-activated protein kinase
(AMPK), an evolutionarily conserved
sensor of the intracellular energy status
that stimulates general autophagy by
inhibiting mTOR [16]. Egan et al.
recently reported in Science that AMPK
also stimulates autophagy by
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Figure 2. AMP and cAMP-elicited signaling
cascades during autophagy.
When the availability of nutrients is limited,
intracellular ATP levels decline while those
of cAMP and AMP both increase. On one
hand, this results in the activation of AMP-
activated protein kinase (AMPK), which stim-
ulates general autophagy (and mitophagy) by
inhibiting the mammalian target of rapamycin
(mTOR) kinase as well as by stimulating
ULK1. On the other hand, increased cAMP
concentrations ignite a protein kinase A
(PKA)-dependent signaling pathway that
results in the phosphorylation of DRP1 and
inhibition of mitophagy. Several cAMP phos-
phodiesterases (PDEs) exist that can cata-
lyze the conversion of cAMP into AMP, yet
it remains unclear if and how the above-
mentioned signaling cascades interact
during autophagy.
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R480phosphorylating and activating ULK1,
the mammalian ortholog of the yeast
protein kinase Atg1 [17]. Intriguingly,
the most prominent defects exhibited
by both ULK1- and AMPK-deficient
MEFs in resting conditions were an
aberrant accumulation of the
autophagic adaptor protein
sequestosome 1 (SQSTM1, also known
as p62SQSTM1) and an altered
mitochondrial homeostasis [17],
underlining the importance of
autophagy for mitochondrial quality
control. Taken together, these
observations suggest that AMP and
cAMP mediate two rather distinct
molecular cascades in response to
starvation, the former promotingmitophagy (as well as general
autophagy) through mTOR and ULK1
signaling, and the latter inhibiting
mitophagy via PKA and DRP1
(Figure 2). Further investigation is
needed to understand whether
and how these signaling cascades
interact.
Under conditions of starvation,
elongated mitochondria were found to
contain increased amounts of dimeric
and oligomeric forms of the F1–FO
ATPase (which generate ATP more
efficiently than the monomeric form)
and to exhibit a high number of cristae
per unit of mitochondrial surface [10].
Importantly, cells that could not
elongate mitochondria during
autophagy— for instance, due to
the absence of OPA1 or to the
inhibition of PKA— underwent
starvation-induced cell death more
rapidly than their wild-type
counterparts [10], demonstrating that
elongated mitochondria efficiently
preserve cell viability during the
autophagic response.
The regulation of mitochondrial
dynamics impinges on multiple
mitochondrial and cellular functions.
Thanks to the recent report by
Gomes et al. [10] it is now clear that
mitochondrial elongation is critical
for the survival of cells undergoing
starvation-induced autophagy.
It should be noted that autophagy
is also elicited by a wide array of
chemotherapeutic agents, most often
exerting (unwanted) cytoprotective
effects. Hence, it will be interesting
to determine how mitochondria
behave during chemotherapy-induced
autophagy and whether PKA inhibitors
may be employed as a strategy for
sensitizing cancer cells to cytotoxic
chemotherapeutics.
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